Transverse electric (TE) surface wave in silicine is theoretically investigated. The TE surface wave in silicene is found to exhibit better characteristics compared with that in graphene, in terms of a broader frequency range and more confinement to the surface which originate from the buckled structure of silicene. We found that even undoped silicene can support the TE surface wave. We expect to obtain the similar characteristics of the TE surface wave in other two-dimensional materials that have slightly buckled honeycomb lattice.
Surface electromagnetic waves, or simply surface waves are electromagnetic (EM) waves that propagate on the surface of a material 1 . Surface waves recently have attracted a lot of interest, because of their capability to transport the EM energy on the surface [1] [2] [3] [4] [5] [6] . There are two kinds of surface waves based on their polarizations; the transverse magnetic (TM) and transverse electric (TE) surface waves. In the case of TM surface wave, the component of magnetic field is transverse to the propagation direction, while the electric field has a component parallel to the propagation direction. The TM surface wave that also refers to a surface plasmon, can be seen as an electric dipole wave on the surface of material due to spatial perturbation of charge density 7, 8 . On the other hand, the TE surface wave has the component of electric field transverse to the propagation direction while the magnetic field has a component parallel to the direction of propagation. The TE surface wave can be seen as a magnetic dipole wave on the surface of material due to the self-sustained surface current oscillation 7, 8 . It is important to note that the radiation loss of magnetic dipole is much smaller than that of electric dipole 9 . Therefore, the TE surface wave can propagate longer than TM surface wave 10, 11 , which makes the TE surface wave desirable for the transporting EM energy over long distance 7, 11 . However, the TE surface wave cannot exist on the surface of an conventional bulk metal because condition for generating the TE mode is limited which means that the induced surface current is not available in the conventional bulk metal 1, 2, 7, 12 . Some efforts have been made for designing artificial materials so that the TE surface wave can be generated, such as metamaterials and a cluster of nanoparticles, which are generally complicated, hence making them less viable and accessible 3, 7, 11, 13 . The difficulties of generating the TE surface wave can be alleviated by using two-dimensional (2D) materials such like graphene, which is a monolayer of carbon atoms arranged in honeycomb lattice 14, 15 tive), the TE (TM) surface wave can propagate on the surface of the 2D materials 15 . Due to the presence of the Dirac cone in its electronic structure, the imaginary part of optical conductivity of graphene can be negative at a certain frequency range. This is in contrast to usual 2D electron gas systems, which have a positive imaginary part of optical conductivity 10, 15 . This unusual property has also enabled graphene to have the TE surface wave 8, 10, 15, 16 . However, it was predicted that the TE surface wave in doped graphene may only exist for a narrow frequency range of 1.667E F < ω < 2E F 8,10,15 , where E F is the Fermi energy. Moreover, the TE surface wave in graphene is less confined in the direction perpendicular to the surface in comparison with the TM surface wave 10, 15 . In this letter, we propose that silicene is a better 2D material rather than graphene to support the TE surface wave. Silicene is a monolayer of silicon atoms arranged in honeycomb lattice and the stable structure of silicene is not purely planar, but slightly buckled [17] [18] [19] [20] , i.e., the two sublattices are separated by vertical distance d = 0.46Å due to the sp 3 -like hybridization 20, 21 . The schematic structure of silicene can be seen in Figs. 1(a) and 1(b). The buckling of the atoms creates potential difference between two sublattices when an external electric field is applied in the direction perpendicular to the surface [17] [18] [19] [20] . The induced potential difference, along with the non-negligible spin orbit (SO) coupling in silicene, will give a tunable energy gap 17, 18, 20, 22 . We will show that the tunable energy gap of silicene affects a unique optical conductivity and the properties of TE surface wave which makes it a key difference from graphene.
Suppose that a silicene layer, or generally any monoarXiv:1605.08133v2 [cond-mat.mes-hall] 2 Aug 2016 layer 2D material, in the x − y plane is sandwiched between two dielectric media with dielectric constant ε 1 and ε 2 as shown in Fig. 1 (c). The dispersion of the TE surface wave can be obtained by employing the Maxwell equations with boundary conditions of TE wave near the surface of the layer. Here we assume that the 2D material is negligibly thin and it is characterized by its optical conductivity σ which will appear as a surface current density in the boundary conditions for magnetic field as shown below. The TE surface wave has an electric field E y in the y direction and the wave vector q in the x direction. There are two magnetic field components H x and H z in TE surface wave as shown in Fig. 1 (c). Due to the confined nature of the surface wave, the EM fields should decay in the direction perpendicular to the surface (z). Thus, we can write the magnetic fields in the media 1 and 2 as H (1) x (x, z) = A 1 exp(−κ 1 z + iqx) and H (2) x (x, z) = A 2 exp(κ 2 z +iqx), respectively. The electric field in the k-th medium (k = 1, 2) is obtained through E
x ) = J, where J = σE y is defined as surface current density. Employing the boundary conditions and assuming that the two dielectric media as vaccum (ε 1 = ε 2 = 1, thus κ 1 = κ 2 = q 2 − (ω/c) 2 ≡ κ), we obtain the TE surface wave dispersion 15, 16 ,
Since ω is a positive value, Eq. (1) requires a negative value of Im σ. Next, we derive the σ(ω) of silicene. Similar to graphene, the behavior of electrons at low-energy can be described by the Dirac Hamiltonian near the K and K points (hexagonal corners of Brillouin zone) [17] [18] [19] [20] . However, we should consider the following two factors: (1) the SO coupling in silicene is much larger than that of graphene 17, 18, 22 , and (2) the potential difference between the sublattices A and B can be induced by an external perpendicular electric field E z 17-20 . The Hamiltonian of silicene can be written in the following matrix form,
where v F is the Fermi velocity of electron and it is 5.5 × 10 5 m/s for silicene 22 . The Hamiltonian is spin and valley dependent, labeled by ς = +1(−1) for spin up (spin down) and η = +1(−1) for K (K ) valley. ∆ SO ≈ 3.9 meV represents the SO coupling for silicene 20 and ∆ z = eE z d denotes the potential difference between sublattices. d = 0.46Å denotes the vertical distance between the A and B atoms shown in Fig. 1(b) .
where k = k 2 x + k 2 y and ∆ ςη (∆ z ) = |∆ z − ςη∆ SO | denotes the energy gap which is tunable by applying the E z up to 2.6 VÅ −1 where the structure of silicene becomes unstable 23 . The energy gap is defined as the energy separation from the top of the valence band to the bottom of the conduction band with the same spin sign. There are only two distinct values of ∆ ςη (∆ z ) for four possible combination of ∆ ςη , since ∆ ++ (∆ z ) = ∆ −− (∆ z ) and
The optical conductivity σ(ω) of silicene can be obtained by the Kubo formalism for current-current correlation function 24, 25 . The electron scattering is ignored here. Following the derivation of graphene's conductivity by Falkovsky and Varlamov, σ ςη can be expressed by 24 ,
where f [ ] is the Fermi distribution function and v ss is the matrix element of velocity matrix v(k) = U −1 (∂H ςη (k)/ ∂k) U in the x direction, where U is the unitary matrix which diagonalize H ςη . The v(k) matrix is explicitly given as follows:
where we define β ± = ςη ± 1/2∆ ςη , Z ± = (β ± /β ∓ ) 1/2 , Γ ± = ∆ ςη cos θ/β ± , A ± = i2 ςη sin θ/β ± , B ± = 2 ςη cos θ/β ± , and I ± = i2∆ ςη sin θ/β ± . Here θ is the angle between k x and k y , while v x nm denotes the xcomponent of the n − m element of v matrix. The first (second) term in Eq. (4) corresponds to the intraband (interband) conductivity, which is later labeled as σ A ςη (σ E ςη ) . By using Eqs. (3) and (5), we can calculate σ in Eq. (4) for silicene at T = 0 K 17, 18 . Here, σ is the total conductivity for both spin and valley degrees of freedom. For simplicity, we fix the E F = 2∆ SO = 7.8 meV, and vary the ∆ z . Then, we get σ as follows
where Θ(x) is the Heaviside function and g(∆ z ) = max[2E F , ∆ ςη (∆ z )]. If we set ∆ ςη = 0, we get the optical conductivity of graphene 10,15 . In Fig. 2 , we plot the electron energy dispersions for K and K' valleys based on Eq. (3) for several ∆ z 's. In varying ∆ z , we choose three cases for both the K and K' valleys depending on the position of E F relative to the energy gap, which are shown in Fig. 2 . The first case is ∆ z = 2∆ SO , in which E F is higher than bottoms of the two conduction bands for spin up and spin down (E In Fig. 3 , we plot the optical conductivity σ of silicene as a function of frequency where the solid and dashed lines are the imaginary and real parts of σ, respectively, for the three ∆ z . We also plot the σ of graphene in black lines for a comparison. The logarithmic singularities in Im σ in Eq. (8) of electrons between energy bands having the same spin directions and the same valleys. Im σ is singular for any frequency which satisfies condition ω = g(∆ z ).
Since there are two distinct values of ∆ ςη (∆ z ), there are two possible singularity points, ω 1 = 2E F / and
there is only one singularity point at ω = 2E F / . Since σ of silicene depends on ∆ z , σ of silicence can be tuned not only by E F but also by E z . As mentioned in Eq. (1), the negative value of Im σ correspond to the condition for TE surface wave. The TE surface wave cannot exist for the region that Im σ > 0. In the following discussion, we call the frequency range of Im σ < 0 as the TE frequency range. Furthermore we focus only on the frequency range where Re σ = 0 in which the TE surface wave is not damped 15 . For graphene (∆ ςη = 0), the TE frequency range is fixed at 1.667E F < ω < 2E F (3.14 < f < 3.77 THz), which reproduces the previous results 10, 15 .
In general, the TE frequency range in silicene is wider than that in graphene for the same E F and it is tunable by ∆ z as shown in Fig. 3 . For example, for ∆ z = 2∆ SO (E z = 16.96 mVÅ −1 ), the TE frequency range lies within 1.4E F < ω < 2E F (2.64 < f < 3.77 THz). By increasing ∆ z , ∆ ςη increases. From Eq. (7)- (8) Δλ ( are suppressed, therefore we still have Im σ > 0 at certain frequency and Re σ = 0 for ω ≥ 2E F (f ≥ 3.77 THz, see Eqs. (7) and (8)). Hence, the TE frequency range becomes 1.61 < f < 3.77 THz. But in the case of ∆ z = 8∆ SO , all Im σ A ςη vanish and Im σ has negative value at all frequency. Re σ = 0 for ω ≥ ∆ ++ (f ≥ 6.60 THz). Therefore, the TE frequency range becomes 0 < f < 6.60 THz. Re σ appears at higher frequency than that for ∆ z = 4∆ SO , because the Fermi level exists in all of the energy gaps, in which we need a higher excitation energy for interband transition.
Another interesting finding is that the undoped silicene (E F = 0) may also support TE surface wave. From Eqs. (6)- (8) , for E F = 0 we get Im σ:
The TE frequency range lies within 0 < ω < ∆ ++/−− . It is noted that Im σ(ω) vanishes at E F = 0 in graphene 15 , hence the TE surface wave does not exist for undoped graphene.
From Eq. (1), we can define a confinement length of TE surface wave 1/κ, as follows
A smaller value of 1/κ corresponds to better confinement. In Fig. 4 , we plot 1/κ of the TE surface wave in graphene and silicene for comparison. The plot starts at f = 3.15 THz ( ω = 1.667E F ), which is the lower bound of TE frequency range in graphene. We can see that the TE surface wave in silicene is much more confined than in graphene and tunable by ∆ z . For example, at f = 3.25 THz ( ω = 1.725E F ), in case of graphene, 1/κ = 13994 µm, while in case of silicene, 1/κ = 2906.2 µm for ∆ z = 2∆ SO , 1/κ = 1747.7 µm for ∆ z = 4∆ SO , and 1/κ = 3146.7 µm for ∆ z = 8∆ SO . In the case of ∆ z = 8∆ SO , we might get a larger 1/κ. This is because Im σ is singular at higher frequency, which makes 1/κ for ∆ z = 8∆ SO slowly diverge. By solving Eq. (1) for λ = 2π/q, we can define the difference between the wavelength of TE surface wave λ and the wavelength of freely propagating EM wave in vacuum λ 0 = 2πc/ω as ∆λ = λ−λ 0 . In the inset of Fig. 4 we plot ∆λ as a function of frequency for graphene and silicene with ∆ z = 4∆ SO . We can see that ∆λ is sufficiently small which means that λ is almost the same as λ 0 (3 THz corresponds to λ 0 = 100µm). However, ∆λ for silicene is more negative compared with that for graphene, which is almost zero. Negative ∆λ means that there is shrinkage of the wavelength of TE surface wave which is the preferable feature of surface wave since more information can be compressed in the wave. From the inset of Fig. 4 , we can see more shrinkage of the wavelength in silicene compared with that in graphene.
In conclusion, silicene is theoretically proved to be a versatile platform for utilizing TE surface wave. We have shown that silicene supports the TE surface wave propagation and it exhibits more preferable surface wave properties compared with those of graphene, such as the tunable broadband frequency and smaller confinement length. The TE surface wave in silicene is tunable by the Fermi energy as well as by the external electric field. These characteristics originate from the two-dimensional buckled honeycomb structure.
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